Liquid crystal displays (LCDs) that exhibit a high image quality at the normal direction only were investigated. For this purpose, a hybrid aligned nematic liquid crystal (LC) cell driven by a fringe electric field was chosen, and its electro-optic characteristics with an optimal cell structure were evaluated. The device showed a high light efficiency of 90%, a low driving voltage and a narrow viewing angle < 30 in terms of a CR Liquid crystal displays (LCDs) are widely used as interfaces between humans and machines. Recently, considerable effort using new LC modes such as in-plain switching (IPS), 1) fringe-field switching (FFS), [2] [3] [4] [5] and multi-domain vertical alignment modes has been made to improve the image quality of the LCDs.
Liquid crystal displays (LCDs) are widely used as interfaces between humans and machines. Recently, considerable effort using new LC modes such as in-plain switching (IPS), 1) fringe-field switching (FFS), [2] [3] [4] [5] and multi-domain vertical alignment modes has been made to improve the image quality of the LCDs. 6, 7) On the other hand, there have been many studies of LCDs in which image quality can be controlled from a wide to narrow viewing angle [8] [9] [10] or narrow viewing LC mode only. 11) For application displays for the purpose of privacy protection on an individual hold, a narrow viewing angle is essential particularly in horizontal direction. In addition, for portable displays, a low driving voltage (V op ) in which the V op is defined as a voltage that gives rise to the maximal transmittance and high transmittance are also required.
Many LC modes have been studied in order to realize a very narrow viewing angle. Among them, a hybrid aligned nematic (HAN) LCD driven by fringe-field (named HAN-FFS mode) [12] [13] [14] was investigated. In HAN-FFS mode, the pixel electrodes with some width (w) exist with a distance (l) between them above a common electrode with a passivation layer between them only on the bottom substrate. In this device, the transmittance is proportional to sin 2 ð2 Þ sin 2 ð=2Þ, where is the angle between the LC optic axis and the axes of the crossed polarizers. is the phase difference between the ordinary and extraordinary rays, and is equal to dÁn=, where d and Án are the thickness and birefringence of the LC layer, respectively, and is the wavelength of the incident light. In the off state, hybrid aligned nematic LCs exist under crossed polarizers. However, the optic axis of the cell is coincident with the polarizer axis. Therefore, the cell appears black at the normal direction, as shown in Fig. 1 . In the on state, the fringe-field, which has both a horizontal and vertical component, is generated between the pixel and common electrodes. The dielectric torque between the LC and the field drives the LC to rotate. The optic axis of the LC then deviates from the polarizer axis, giving rise to transmittance.
The device exhibits a low V op because the LC on the top substrate is aligned vertically, i.e., the LCs near the top substrate can rotate in any direction due to nonexistence of azimuthal anchoring. Furthermore, a LC with positive dielectric anisotropy (+LC) is essential for this device to achieve a low V op and fast response time. However, when a +LC is used, the transmittance has a lower transmittance than that of the twisted nematic (TN) mode and the HAN-FFS mode using an LC with negative dielectric anisotropy.
This study examined the electrode structure and optimal cell conditions exhibiting a high transmittance even with +LC, and investigated their electro-optic characteristics. This work proposes LCD exhibiting a distorted displayed image quality in the oblique directions but a high image quality at the normal direction with good electro-optic characteristics.
There are two approaches for realizing a narrow viewing angle LCD. The first is to suppress light transmittance in the white and gray states so that the display becomes dark in the oblique viewing direction. The second is to generate strong light leakage at dark state such that there is excessive brightness greater than that at the normal direction in the oblique viewing direction, causing a deterioration of the image quality by a gray scale inversion. The latter approach was chosen in this device.
As shown in Fig. 1 , the device has electrodes only on the bottom substrate such that the pixel electrodes exist in a slit form above the counter electrode in planar form with a passivation layer between them. Therefore, the field strength and shape strongly depend on the pixel electrode width as well as the distance between them. This means that the dielectric torque to rotate the LC depends on the electrode position and structure. Figure 2 shows how the calculated V op and normalized maximal transmittance change according to the electrode structure and cell retardation value (dÁn). Here, the thickness of the passivation layer was 0.290 mm. A 2 Â 2 extended Jones matrix at a wavelength of 550 nm was used for the optical calculation. Here, the LC (dielectric anisotropy Á" ¼ 8:2, elastic constants K 1 ¼ 9:7 pN, K 2 ¼ 5:2 pN, K 3 ¼ 13:3 pN) and a cell gap of 4 mm were used. Furthermore, the birefringence of the LC was changed to calculate the transmittance. For this calculation, the rubbing angle () was assumed to be 80 with respect to the horizontal component of a fringe-electric field. The transmittance of the single and parallel polarizer was 41 and 35%, respectively.
As indicated in Fig. 2 , the normalized maximal transmittance was strongly dependent on the electrode structure and cell retardation value. When the w and l between the electrodes was 3 and 4.5 mm, respectively, and the retardation of the LC cell is 0.70 mm, the cell showed a transmittance of 0.76 with an operating voltage of 2.8 V. When w and l were decreased to 2 and 3 mm, respectively, the cell showed a transmittance of 0.84 with a V op of 2.9 V when the retardation of the LC cell is 0.74 mm. As the w and l is further decreased to 1 mm and 1.5 mm, respectively, the transmittance is almost the same along electrode positions due to a strong horizontal electric field, giving rise to a high transmittance of 0.90. However, the V op increased to 3.3 V when the retardation of the LC cell was 0.70 mm. The transmittance is as high as that of the TN mode but the V op is comparable to that of the TN mode and less than those of the other LC modes. This suggests that this device is suitable for portable displays. In particular, the electrode width becomes narrower while keeping the ratio l=w, and the cell retardation value that gives the maximal transmittance increases but the V op increases. 15) In order to determine how a decrease in the pixel electrode and distance between electrodes increases the transmittance, the profile of the LC molecules was calculated, i.e., the twist angle according to the electrode structure with a cell retardation value that allows maximum transmittance, as shown in Fig. 3 . When w ¼ 3 mm, the maximum twisted angle from the initial position was strongly dependent on the electrode position such that it was approximately 55 (¼ 80 À 25 ) near the bottom substrate at the edge of the electrode (position 3). When w is 1 mm, the maximum twisted angle > 40 from the initial twist angle of 80 occurs near the bottom electrode surface below z=d ¼ 0:2 irrespective of the electrode positions (here z=d ¼ 0 and 1 indicates the bottom and top surfaces of the LC layers, respectively). For both LC cells, the retardation of the LC cell was 0.70 mm. Figure 4 shows the iso-luminance curves in the white and dark states, as well as the iso-contrast curves depending on the electrode structure with an optimal cell retardation value of 0.70 mm. The luminance curves were indicated as 70, 50, and 30% of the maximum luminance in the dark and white state, respectively. The luminance at the white state for both cells with w ¼ 3 mm, l ¼ 4:5 mm, and w ¼ 1 mm, l ¼ 1:5 mm decreased rapidly in the cross-sectional plane of the azimuthal directions from 45 to 225 compared with those in the cross-sectional plane of the azimuthal directions from 135 to 315 as the viewing direction changes from the normal to oblique viewing direction. The strong light leakage in the dark state occurs at both the right and left directions with respect to the rubbing direction. There is little difference in the iso-luminance curves of the white and dark states between the cells with w ¼ 3 and 1 mm.
Considering the iso-contrast curves, both cells exhibit a CR of 2 : 1 at a polar angle of approximately 30 in the horizontal direction (along y-direction in Fig. 1) , and a CR > 10 : 1 at a polar angle < 20 in the horizontal direction. Both cells show very narrow viewing angle characteristics compared with the conventional LC cells such as the TN and FFS modes. These narrow viewing angle characteristics arise from the decreased luminance in the white state and the strong light leakage in the dark state. Finally, the degree of gray scale inversion was examined by calculating the viewing angle dependence of the eight gray levels in the horizontal direction in which the transmittance was divided into eight different levels for the cell with w ¼ 3 mm and l ¼ 4:5 mm, and a retardation value 0.70 mm. As shown in Fig. 5 , a gray-scale inversion > 10 and À15 begins to occur. Furthermore, excessive brightness and darkness compared with the transmittance at the normal direction also exist along the left and right horizontal direction, respectively. This suggests that the displayed image will be strongly distorted in the horizontal direction when the oblique viewing angle exceeds more than 20 from the normal axis.
In summary, a display for the purpose of privacy protection on an individual hold are essential and LC mode was developed for this purpose, which exhibits a high transmittance, low driving voltage and a narrow viewing angle < 20 along the horizontal direction. This work is supported financially by the Ministry of Education and Human Resources Development (MOE), the Ministry of Commerce, Industry and Energy (MOCIE) and the Ministry of Labor (MOLAB) through the fostering project of the Lab of Excellency. 
